Objectives: To perform a systematic analysis of point mutations in the quinolone resistance determining regions (QRDRs) of the DNA gyrase and topoisomerase genes of emm type 6 and other emm types of Streptococcus pyogenes strains after in vitro exposure to stepwise increasing concentrations of levofloxacin.
Introduction
Since the first report of multiple fluoroquinolone resistance in Streptococcus pyogenes, 1 patient isolates with reduced susceptibility to fluoroquinolones have been reported by several investigators throughout the world. [2] [3] [4] [5] [6] Published reports have indicated that the prevalence of S. pyogenes with reduced susceptibility to ciprofloxacin was 3.5% in 1998-99 in Spain, 5.4% in 1999-2002 in Belgium and 10.9% in 2002-03 in the United States. 4, 5, 7 Orscheln et al. 4 reported that all S. pyogenes emm type 6 isolates they investigated had intrinsic reduced susceptibility to fluoroquinolones due to a polymorphism in the quinolone resistance determining region (QRDR) of the parC gene, which codes for a change from serine-79 to alanine. Analysis of the gyrA and parC gene sequences of some of those fluoroquinolone-resistant isolates has demonstrated point mutations along the QRDRs analogous to previously reported mutations in S. pyogenes. [1] [2] [3] [4] 6 The limited sequencing data from the wild-type clinical isolates shows a lack of a systematic correlation between fluoroquinolone resistance level and amino acid substitutions in the QRDRs of gyrA and parC, leaving uncertainty as to whether resistance to fluoroquinolones in S. pyogenes is a continuously evolving process or occurs as random events.
Stepwise acquisition of mutations in the QRDRs of the parC and gyrA genes of Streptococcus pneumoniae has been in vitro after exposure to increasing concentrations of fluoroquinolones. 8 Stepwise acquisition of point mutations in the QRDRs of S. pyogenes is implied because wild-type clinical isolates with higher MICs of fluoroquinolones have different amino acid substitutions at the same location as isolates with lower MICs. [1] [2] [3] [4] 6 Laboratory-generated mutants of S. pyogenes strains through serial passages by an exposure and selection process may help investigators correlate the appearance of point mutations with increased MICs of fluoroquinolones. [9] [10] [11] Previous reports of laboratory-induced mutants with reduced fluoroquinolone susceptibility did not include emm typing data, have incomplete analysis of sequencing information of the QRDRs of gyrA/parC genes, or did not evaluate mutations in the QRDRs in a stepwise fashion. A pioneer study of Schmitz et al.
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identified alterations in the gyrA and parC genes of resistant mutant isolates, but did not report the change in point mutations for each resistant mutant throughout the stepwise exposure to fluoroquinolones.
In this current project, 12 parent strains representing 12 different emm types were chosen for stepwise induction and selection by increasing levels of levofloxacin in order to determine whether isolates of various serotypes of S. pyogenes may be equally inducible to resistance and whether levels of resistance to fluoroquinolone correlate with particular substitutions of amino acid residues in the QRDRs. The findings of concomitant point mutations with specific amino acid substitutions correlated with increased resistance to fluoroquinolones in S. pyogenes of multiple emm types are essential for a better understanding of whether the emergence of fluoroquinolone resistance is more likely with certain emm types.
Materials and methods

Bacterial strains and growth conditions
Twelve wild-type isolates of S. pyogenes of different emm types (1, 4-1, 6-1, 9, 11, 12, 28, 73-3, 75-5, 89, 94 and 103) with comparable initial susceptibilities (not more than 4-fold difference in MICs) to levofloxacin were selected for the induction assays. Ten isolates were recovered from swabs collected from patients with tonsillitis and one of each from patients with pharyngitis and rhinosinusitis. These 12 emm types are common both in Japan and in the USA. The strains were originally provided by Sugita ENT Clinic (Urayasu, Japan) and Tokyo Metropolitan Institute of Public Health (Tokyo, Japan). emm typing of the S. pyogenes strains was performed at the Tokyo Metropolitan Institute of Public Health by sequencing according to the recommendation of the Division of Bacterial and Mycotic Diseases, Center for Diseases Control and Prevention, and using the emm sequence database (http://www. cdc.gov/ncidod/biotech/strep/strepindex.htm). S. pyogenes was identified using standard methods. 4 
Susceptibility testing
MICs of levofloxacin (Daiichi Pharmaceuticals, Tokyo, Japan) for parent and mutant strains were determined by a reference broth microdilution method in cation-adjusted Muller-Hinton broth (Difco Laboratories, Detroit, MI, USA) supplemented with 5% lysed horse blood, as recommended by the Clinical Laboratory Standards Institute (CLSI, formerly NCCLS).
12 Dilutions of levofloxacin ranged from 0.125 to 128 mg/L. S. pneumoniae ATCC 49619 was used for quality control with a QC range of 0.5-2 mg/L.
In addition, susceptibility of the parent and mutant strains to other representative fluoroquinolones (ciprofloxacin, gatifloxacin, ofloxacin and norfloxacin) was determined using the Etest (AB Biodisk, Solna, Sweden) following the manufacturer's instructions.
Multicycle induction and selection of resistant mutants
Parent strains were grown in antibiotic-free Todd-Hewitt broth supplemented with 0.5% yeast extract (Difco Laboratories) at 37 C for 18 h, and 1 · 10 8 cfu/mL (0.5 McFarland standard) of each strain was inoculated into 2 mL of Todd-Hewitt broth containing levofloxacin. The levofloxacin concentrations used for mutant induction ranged from 2· to 4· the MIC for the parent strain or sub-parent mutant strain resulting from the prior induction step. After an overnight incubation at 37 C, cells growing in the tubes with the highest levofloxacin exposure concentration were selected for mutants with increased MICs by plating onto levofloxacin embedded agar plates at concentrations of 0, 2, 4, 8 and 16 mg/L, or higher when necessary. Three colonies were randomly selected for MIC determination, and isolates with the highest MIC were subjected to sequence analysis and further induction. This was repeated when a higher exposure concentration was used for the next step of the induction/selection cycle until mutants with significantly high MICs were selected. The stability of the selected resistant mutants was confirmed by sub-culture onto antibiotic-free 5% sheep blood plates (Nippon Becton Dickinson Company Ltd, Tokyo, Japan) for 10 serial passages.
Amplification and DNA sequencing of the QRDRs
Mutational alterations in the QRDRs of all subunits for DNA gyrase and topoisomerase IV of both parent and fluoroquinolone-resistant mutants were investigated by DNA sequence analysis. Table 1 shows the primers used for amplification of fragments of gyrA/B and parC/E containing the QRDR. Multiple DNA sequencing reactions were performed for each QRDR of individual strains using the Applied Biosystems sequencing kit and ABI Prism 310 Genetic Analyzer (Perkin-Elmer, Applied Biosystems, Foster City, CA, USA). Table 2 shows the MICs of levofloxacin for the parent strains and the mutants. MICs of the other fluoroquinolones tested for all mutants showed increases nearly identical with those observed Laboratory-induced fluoroquinolone resistance in S. pyogenes With each set of parent-mutants, the MIC of levofloxacin for mutants was increased following induction/selection cycles. Table 2 and Figure 1 ).
Results
Fluoroquinolone-resistant mutants
GAT) 79M-1 8 Tyr-81 (TAT) Ala-79 (GCC) Asp-83 (GAT) 79M-2 8 N/P N/P N/P 79M-3 8 N/P N/P N/P 79M-4 64 Tyr-81 (TAT) Ala-79 (GCC) Gly-83 (GGT) 79M-4 64 N/P N/P N/P 79M-5 64 N/P N/P N/P 79M-6 128
Point mutations in the QRDRs of gyrA/B and parC/E
No mutations were detected in the QRDRs of gyrB and parE in all mutants and parent strains; however, point mutations were found in gyrA and parC subunits. Individual mutations resulting in an amino acid substitution in the QRDRs of gyrA and parC corresponding to increased MICs for mutants are presented in Table 2 .
As the MICs increased in mutants, except for strain 6 (emm type 94), residue 79 was changed from the initial residue to alanine, valine, tyrosine or phenylalanine dependent upon a particular parent-mutant set. The substitution of valine at position 79 of parC has not been observed from reported point mutations of clinical isolates of S. pyogenes. Strains 79 (emm type 4-1) and 6 (emm type 94) also developed a change in mutants from aspartic acid to glycine at position 83, which was not found in mutants derived from other strains. The remaining strains had no point mutation at this residue.
Point mutations were found in the QRDR of gyrA in mutants from each strain regardless of emm type and the point mutation only occurred in the serine residue at position 81, with two types of amino acid substitutions, either to Tyr-81 (in 8 of 12 strains) or Phe-81 (4/12). However, the occurrence of a point mutation at this residue did not consistently correlate to an increase in MICs. For example, it took as low as a 4-fold increase in MIC in strain 6 to reveal a substitution from Ser-81 to Phe-81, while for strain 13, the same residue replacement occurred after the MIC was increased more than 256-fold.
Discussion
Although in vitro generation of fluoroquinolone-resistant mutants in S. pyogenes has been studied previously, 10,11 our study has improvements over those studies for the purpose of further understanding the mechanism of fluoroquinolone resistance in S. pyogenes. Boos et al. 10 induced S. pyogenes to become fluoroquinolone-resistant in vitro by exposure to fluoroquinolone drugs, but that study did not investigate the changes in the QRDRs of the DNA gyrase and topoisomerase IV genes and it did not determine the emm types of the parent strains studied. In addition, the highest MIC increase in their generated resistant mutants was only 9-fold. We show an increase in MICs up to 512-fold, suggesting that the appropriate combination of stepwise induction and selection cycles are an efficient way to produce resistant mutants in vitro. The availability of mutants with a wide MIC distribution reveals more variety of point mutations associated with an increase in resistance level. Schmitz et al. Figure 1 . Fluoroquinolone susceptibility changes in selected mutants. Twelve patient strains representing 12 different emm types were used as parent strains to be exposed to levofloxacin (LVX) in a stepwise manner. Mutants were generated by repeated cycles of induction and selection processes. MIC was measured in a representative mutant (M) in each cycle. x-axis numbers represent the number of cycles of induction and selection.
used ciprofloxacin, gatifloxacin, moxifloxacin and BMS-284756 (garenoxacin) to generate fluoroquinolone-resistant mutants and demonstrated that, despite the choice of fluoroquinolone used, the potential for induction of resistant mutants in S. pyogenes is comparable. In the current study, we used levofloxacin to generate fluoroquinolone-resistant laboratory mutants from 12 parent strains of different emm types. Instead of testing with different fluoroquinolone agents, we enhanced the efficiency by repeating the induction/selection process until significantly high-level resistant mutants were selected. For each set of parent-mutants, an array of mutants was produced with a stepwise increase in MICs of levofloxacin corresponding to point mutation information in the QRDRs of both gyrA and parC. This allows a systematic analysis of mutations through the study of the relationship between the changes of residues involved in the point mutations and increasing MICs.
In conjunction with previous studies, the findings from the current study provide the following conclusions. (i) Induction coupled with selection in a laboratory setting is a reliable method for yielding stable fluoroquinolone-resistant S. pyogenes mutants.
(ii) Despite the fact that many mutants with a wide range of MICs were produced from a dozen parent strains with different baseline MICs, the number of residues affected and variety of amino acid substitutions found in gyrA and parC are limited (Table 2) , which are comparable to those demonstrated in reported clinical resistant isolates.
1-4,6,13-15 (iii) The concentration of a fluoroquinolone agent used and number of induction/selection cycles required to yield high MIC mutants vary with emm types/strains. (iv) Of the representative emm type strains, the majority of the non-emm 6 types were comparable in their ability to yield highly resistant mutants, suggesting that resistance to fluoroquinolones can develop independent of emm type.
Previous studies indicated that >90% of clinical isolates that are either resistant or have reduced susceptibility to fluoroquinolones are emm type 6. 4,13 However, our emm type 6 isolate took 14 induction/selection cycles to produce resistant mutants with a maximum MIC of 64 mg/L (Table 2 and Figure 1 ), while 10 non-emm 6 types took fewer cycles (from 1 to 7 cycles) to reach the same level of resistance. We challenged six other emm 6 strains collected from different geographic regions in Japan to the same induction/selection experiments and found that the generation of highly resistant mutants in these emm 6 strains was also relatively difficult (data not shown).
The disparity of ease of yielding high-level fluoroquinoloneresistant mutants between emm 6 and other types was further analysed by comparison of amino acid substitutions. The emm 6 parent strain used in this study had an MIC of 2 mg/L of levofloxacin and ciprofloxacin and had alanine substituted for serine-79 in parC before induction. Orscheln et al. 4 raised the concern that the intrinsic reduction in susceptibility to ciprofloxacin and the amino acid polymorphism at this residue of the parC gene in emm type 6 S. pyogenes might set the stage for the emergence of high-level resistance if a single point mutation were to occur in the gyrA gene. Our data seem to indicate that this may not be so. The mutation that leads to the substitution of tyrosine for serine-81 in gyrA took five steps to appear in the emm type 6 strain, but it took only one or two steps for a substitution of this residue with either tyrosine or phenylalanine in seven other emm type strains.
Point mutations in gyrA and parC appear to explain the primary mechanism of loss of susceptibility to fluoroquinolones in S. pyogenes. Stepwise acquisition of mutations in S. pneumoniae has been known for sometime. 8, 16, 17 It has been suggested that S. pyogenes mutations are also acquired in a stepwise fashion. 4, 18 This study demonstrated stepwise acquisition of mutations in S. pyogenes through repeated in vitro exposure to increasing concentrations of a fluoroquinolone followed by a selection process. Based on comparison of our data and reports of point mutations in fluoroquinolone-resistant clinical isolates of S. pyogenes, amino acid substitutions associated with fluoroquinolone resistance in S. pyogenes seem far less complicated than that in S. pneumoniae. [19] [20] [21] [22] A limitation of our study was that we studied a single isolate of each emm type for all our 12 different types. Because isolates from different emm types demonstrate similar phenotypic and genotypic changes we would expect different isolates of the same emm type to respond similarly. We are now conducting experiments using multiple isolates of emm type 6 to determine whether different strains of the same emm type respond in the same way. Precise correlation between residue replacements and increased MIC in mutants may not be solely explained by the point mutations, because it is still difficult to explain why mutant strains with the same point mutations demonstrated various levels of MIC of levofloxacin. Therefore, exploration of other possible mechanisms, such as an activated efflux pump specific for fluoroquinolone drugs, among the resistant mutants may be necessary.
